Abstract: Tuned mass damper (TMD) has a wide application in the human-induced vibration control of pedestrian bridges and its parameters have great influence on the control effects, hence it should be well designed. A new optimization method for a TMD system is proposed in this paper, based on the artificial fish swarm algorithm (AFSA), and the primary structural damping is taken into consideration. The optimization goal is to minimize the maximum dynamic amplification factor of the primary structure under external harmonic excitations. As a result, the optimized TMD has a smaller maximum dynamic amplification factor and better robustness. The optimum TMD parameters for a damped primary structure with different damping ratios and different TMD mass ratios are summarized in a table for simple, practical design, and the fitting equation is also provided. The TMD configuration optimized by the proposed method was shown to be superior to that optimized by other classical optimization methods. Finally, the application of an optimized TMD based on AFSA for a pedestrian bridge is proposed as a case study. The results show that the TMD designed based on AFSA has a smaller maximum dynamic amplification factor than the TMD designed based on the classic Den Hartog method and the TMD designed based on the Ioi Toshihiro method, and the optimized TMD has a good effect in controlling human-induced vibrations at different frequencies.
Introduction
Pedestrian bridges are more and more common in urban regions. However, with the development of architectural creativeness and structural technologies, they are becoming lighter and more slender, which might lead to serviceability problems under human-induced vibrations [1] . These pedestrian bridges usually have low inherent damping, and large vibrations may be caused by resonance because their natural frequency is usually located within the range of pedestrians' stride frequency. A notable vibration will not only cause serviceability problems but also threaten structural safety.
Tuned mass dampers (TMD) are one of the most traditional vibration control devices [2] [3] [4] [5] [6] , and it usually consists of a mass, some springs and damping elements [7] . Because TMDs have the advantages of small size and little interference to pedestrian bridges, they are widely used to control human-induced vibrations and solve the serviceability problem [8] [9] [10] . The vibration response of a pedestrian bridge is controlled by the inertia force given by the TMD, and the vibration energy of the TMD will be dissipated through its damping element [11] [12] [13] . TMD is a single degree of freedom proposed design method and the vibration control effect of the optimized TMD is verified through a case study.
Optimization Algorithm of TMD

Artificial Fish Swarm Algorithm
Swarm intelligence algorithms have a wide application in many areas to solve different problems. Swarm intelligence algorithms consist of many algorithms that are developed by imitating the behavior of animals in nature [35, 36] . The artificial fish swarm algorithm (AFSA) is one of the swarm intelligence algorithms. The actions of individual fish and the information interactions among them, when they are foraging and preying, are focused by the AFSA [42] . The AFSA is inspired by the individual, group and social behaviors of the fish. In a social form, it is searching for food, immigration, dealing with dangers and interactions between the fish in a swarm that result in intelligent group behavior [43, 44] . The AFSA has many advantages such as flexibility, great convergence speed, great accuracy, fault tolerance and so on [45] .
Fish do not have the complex logical reasoning ability and comprehensive judgment ability of human beings. Their purpose is achieved through the simple behavior of individuals or groups. It can be found through observing fish activities that they have four basic behaviors which are preying, swarming, following and random behavior. The four behaviors can be interchanged under different conditions. By evaluating their behavior, fish can choose an optimal behavior to achieve higher food concentration.
Among the four behaviors of artificial fish, the preying behavior is a fundamental behavior, which focuses mainly on searching of food. It is usually taken into consideration that artificial fish generally find the tendency to perceive the amount or concentration of food in the water by sight or taste. X i is the artificial fish current state and in its visual distance, it will select a new state X j randomly. Y is the food concentration, which means the value of the objective function. The artificial fish will find the global extreme value when the Visual is greater, and it will converge more easily. Rand() is a random number between 0 and 1.
In the maximum problem, if Y i < Y j , the artificial fish will go forward a
Step, which is a preset number in this direction.
If not, the artificial fish will choose a new state X j randomly and judge whether it fits for the progressive condition. If the X j still cannot fit it, the artificial fish will move a Step randomly.
In the process of swarming, fish usually congregate in groups, which is a kind of life habit formed to guarantee the survival of the colony and keep away from danger. Each artificial fish is made as follows: it tries to swarm to the center of the neighboring partner and avoid overcrowding. n f is the number of the center position artificial fish's companions in its Visual distance ( X j − X t i ≤ Visual) and X center is the center position.
If Y center > Y i and n f n < δ (n is the number of total fish and δ is the crowding factor which is preset), this means that the center position has more food, which means that the value of fitness function is higher, and it is not very crowded, so the artificial fish will move a Step to the center.
If not, it will execute the preying behavior. In the swarming factor, the function of the crowd factor is to limit the scale of swarms. Therefore, more artificial fish only cluster at the best area, and a situation in which the artificial fish moves to optimum in a wide field is ensured.
When a fish finds more food and less crowded areas, nearby artificial fish will follow and quickly swim to the food. In the artificial fish's perception range, if it finds a partner in the optimal position, then it will move one Step towards it, otherwise, the preying operator is performed. The following operator speeds up the movement of the artificial fish to a better location, which also encourages the artificial fish to move to a better position.
The fish swims freely in the water, which seems to be random. However, actually, they are looking for food or companions in a larger range. The description of random behavior is simple, which is to randomly select a state in the field of view, and then move in that direction. The random behavior is also an unredeemed behavior of preying behavior.
The evaluation of artificial fish behavior is a way to reflect the autonomous behavior of fish. In solving the problem of optimization, the following two kinds of evaluation method can be chosen: one is to choose the optimal execution behavior. Given the current state of the way, the largest behavior in the optimal direction will be chosen. The other is to choose a behavior that can ensure that the artificial fish will go in a better direction.
Optimization Goal
The following dynamic system is consisted of a single degree of freedom primary structure and a TMD, excited by an external excitation F(t), shown in Figure 1 . ( n is the number of total fish and δ is the crowding factor which is preset), this means that the center position has more food, which means that the value of fitness function is higher, and it is not very crowded, so the artificial fish will move a
Step to the center.
The following dynamic system is consisted of a single degree of freedom primary structure and a TMD, excited by an external excitation ( ) F t , shown in Figure 1 . When the external excitation is assumed to take the form F(t) = F 0 e iωt , where F 0 is the forcing amplitude and ω is its frequency. The motion equations of the dynamic system under an external excitation can be written as [1] :
where m p and m s are the mass of the primary structure and the TMD, respectively. c p and c s are the viscous damping coefficient of the primary structure and the TMD, respectively. k p and k s denote the stiffness coefficient of the primary structure and the TMD, respectively. u p and u s denote the absolute displacement of the primary structure and the TMD, respectively. The raised dot indicates the derivative with respect to time. are utilized. Under human-induced vibrations, the maximum acceleration of the pedestrian bridge is one of the most important indexes to evaluate the serviceability problem. In order to depress the maximum acceleration dynamic amplification factor of the pedestrian bridge under external excitation and strengthen the robustness of the TMD, in this section, the novel optimization method of TMD is based on the AFSA, considering the structural damping ratio. The optimization goal is to minimize the maximum acceleration dynamic amplification factor of the pedestrian bridge under external harmonic excitations, based on the AFSA.
The acceleration dynamic amplification factor of the pedestrian bridge under a harmonic excitation can be written as:
where ζ p and ζ s are the damping ratio of primary structure and TMD, respectively.
Optimum TMD Parameters Based on AFSA
Optimum TMD Parameters and Fitting Formulas
In this section, the optimum TMD frequency ratio f opt , TMD damping ratio ζ opt and dynamic amplification factor N opt are shown in Table 1 .
To illustrate this more clearly, the comparison of the optimum parameters of TMD systems for different mass ratios and damping ratios of the primary structure under external harmonic excitations are presented in Figure 2 .
It can be seen from Figure 2a that with the increasing of the TMD mass ratio, the optimum TMD frequency ratio decreases, and with the increasing of the structural damping ratio, the optimum TMD frequency ratio increases too. It is shown in Figure 2b that with the increasing of the mass ratio, the optimum TMD damping ratio also increases, and with the increasing of the structural damping ratio, the optimum TMD damping ratio has a small incensement. It is presented in Figure 2c that with the increasing of mass ratio, the optimum dynamic amplification factor decreases, and with the increasing of structural damping ratio, the optimum dynamic amplification factor decreases steeply for a small mass ratio and smoothly for a large mass ratio.
The explicit expressions for the optimum TMD frequency ratio and optimum TMD damping ratio are given as follows, which result from data fitting through the least square method.
To verify the accuracy of the fitting Formulas (9) and (10), the fitting error between the formulas and Table 1 are shown in Figure 3 .
It is presented in Figure 3a that the fitting error of optimum frequency ratio are all smaller than 0.3%. It is presented in Figure 3b that the fitting error of optimum damping ratio are all smaller than 1.0%. Therefore, the fitting formulas agree well with Table 1 . Optimum TMD parameters can be obtained from Table 1 or calculated from Formulas (7) and (8). Table 1 . Optimum TMD parameters for a damped primary structure under external force excitation based on AFSA for a specified mass ratio. TMD: tuned mass dampers; AFSA: artificial fish swarm algorithm. 
To verify the accuracy of the fitting Formulas (9) and (10), the fitting error between the formulas and Table 1 It is presented in Figure 3a that the fitting error of optimum frequency ratio are all smaller than 0.3%. It is presented in Figure 3b that the fitting error of optimum damping ratio are all smaller than 1.0%. Therefore, the fitting formulas agree well with Table 1 . Optimum TMD parameters can be obtained from Table 1 or calculated from Formulas (7) and (8) . 
Comparison Study
The classic Den Hartog method [29] has a wide application in TMD design; however, it does not consider the damping of the primary system, which may lead to a defective TMD. The optimum formulas of the Den Hartog method are shown in following, which is also devoted to minimizing the maximum of the structural acceleration response under external harmonic excitations. 
The classic Den Hartog method [29] has a wide application in TMD design; however, it does not consider the damping of the primary system, which may lead to a defective TMD. The optimum formulas of the Den Hartog method are shown in following, which is also devoted to minimizing the maximum of the structural acceleration response under external harmonic excitations.
Ioi and Ikeda [37, 38] proposed an improved design method considering structural damping, whose optimization goal is to minimize the maximum acceleration dynamic amplification factor of primary structure under external harmonic excitations. The optimum formulas of the Ioi and Ikeda method are shown in the following.
The comparison study between the optimization method based on AFSA proposed in this paper and the classic Den Hartog method is shown in Table 2 . The comparison study between the optimization method based on AFSA proposed in this paper and the Ioi and Ikeda method is presented in Table 3 . It is presented in Table 2 that the novel optimization method based on AFSA proposed in this paper has a smaller maximum acceleration dynamic amplification factor than the classical Den Hartog method, and in general, the reduction ratio increases with the increasing of the TMD mass ratio and the structural damping ratio. As can be seen in Table 3 , the novel optimization method proposed in this paper has a smaller maximum acceleration dynamic amplification factor than the Ioi and Ikeda method, and in general, the reduction ratio increases with the decreasing of the TMD mass ratio and structural damping ratio. Therefore, the novel optimization method based on AFSA proposed in this paper has a better effect in controlling the maximum acceleration dynamic amplification factor.
Case Study
In this section, an engineering project of a pedestrian bridge, for which TMDs need to be installed, will be introduced in detail as a case study.
The pedestrian bridge is 45 m long and 6 m wide. It is a simply supported pedestrian bridge. Due to the excessive vibration under human-induced excitations, it has a serviceability problem. The finite element model was established in Midas Gen. The structural modes are shown in Table 4 . Because the transverse and longitudinal loads of pedestrians are relatively smaller than the vertical load [21] , the effect of transverse and longitudinal loads can usually be ignored. From Table 4 , it is clear that the third vertical mode is dominant. The third order frequency is 1.946 Hz, and the vertical modal mass participation coefficient is 75.499%. This pedestrian bridge is about 357,500 kg in total. Therefore, the third vertical modal participation mass is 269,909 kg. The damping ratio of this pedestrian bridge is set to be 2%. The vertical mode shape of the pedestrian bridge is shown in Figure 4 .
In order to solve the serviceability problem, a TMD is designed. The TMD mass ratio was chosen to be 1%. According to Table 1 , the TMD frequency ratio is 0.997 and the TMD damping ratio is 0.063. According to the Den Hartog method, the TMD frequency ratio is 0.995 and the TMD damping ratio is 0.061. According to the Ioi and Ikeda method, the TMD frequency ratio is 0.998 and the TMD damping ratio is 0.064. The dynamic amplification factors of the three TMDs under different frequency harmonic excitations are compared in Figure 5 . Because the transverse and longitudinal loads of pedestrians are relatively smaller than the vertical load [21] , the effect of transverse and longitudinal loads can usually be ignored. From Table  4 , it is clear that the third vertical mode is dominant. The third order frequency is 1.946 Hz, and the vertical modal mass participation coefficient is 75.499%. This pedestrian bridge is about 357,500 kg in total. Therefore, the third vertical modal participation mass is 269,909 kg. The damping ratio of this pedestrian bridge is set to be 2%. The vertical mode shape of the pedestrian bridge is shown in Figure  4 .
In order to solve the serviceability problem, a TMD is designed. The TMD mass ratio was chosen to be 1%. According to Table 1 , the TMD frequency ratio is 0.997 and the TMD damping ratio is 0.063. According to the Den Hartog method, the TMD frequency ratio is 0.995 and the TMD damping ratio is 0.061. According to the Ioi and Ikeda method, the TMD frequency ratio is 0.998 and the TMD damping ratio is 0.064. The dynamic amplification factors of the three TMDs under different frequency harmonic excitations are compared in Figure 5 . It is shown in Figure 5 that the maximum dynamic amplification factor without a TMD is 25.00, while with the TMDs designed based on the AFSA, Den Hartog and Ioi and Ikeda methods it is 9.41, 9.56 and 9.48, respectively. Compared to the situation without a TMD, the TMD designed based on the AFSA, Den Hartog and Ioi and Ikeda methods has a reduction of 62.36%, 61.76% and 62.08%, Because the transverse and longitudinal loads of pedestrians are relatively smaller than the vertical load [21] , the effect of transverse and longitudinal loads can usually be ignored. From Table  4 , it is clear that the third vertical mode is dominant. The third order frequency is 1.946 Hz, and the vertical modal mass participation coefficient is 75.499%. This pedestrian bridge is about 357,500 kg in total. Therefore, the third vertical modal participation mass is 269,909 kg. The damping ratio of this pedestrian bridge is set to be 2%. The vertical mode shape of the pedestrian bridge is shown in Figure  4 .
In order to solve the serviceability problem, a TMD is designed. The TMD mass ratio was chosen to be 1%. According to Table 1 , the TMD frequency ratio is 0.997 and the TMD damping ratio is 0.063. According to the Den Hartog method, the TMD frequency ratio is 0.995 and the TMD damping ratio is 0.061. According to the Ioi and Ikeda method, the TMD frequency ratio is 0.998 and the TMD damping ratio is 0.064. The dynamic amplification factors of the three TMDs under different frequency harmonic excitations are compared in Figure 5 . It is shown in Figure 5 that the maximum dynamic amplification factor without a TMD is 25.00, while with the TMDs designed based on the AFSA, Den Hartog and Ioi and Ikeda methods it is 9.41, 9.56 and 9.48, respectively. Compared to the situation without a TMD, the TMD designed based on the AFSA, Den Hartog and Ioi and Ikeda methods has a reduction of 62.36%, 61.76% and 62.08%, It is shown in Figure 5 that the maximum dynamic amplification factor without a TMD is 25.00, while with the TMDs designed based on the AFSA, Den Hartog and Ioi and Ikeda methods it is 9.41, 9.56 and 9.48, respectively. Compared to the situation without a TMD, the TMD designed based on the AFSA, Den Hartog and Ioi and Ikeda methods has a reduction of 62.36%, 61.76% and 62.08%, respectively. It can be seen that the vibration control effect of the TMD designed based on the AFSA method is slightly better than that of the TMD designed based on the remaining two methods.
To further verify the vibration control effect of the optimized TMD designed based on the AFSA, in this section, considering that the frequency of pedestrians is usually around 2.00 Hz, a situation in which a 700 N person walks, runs and jumps on the middle of the bridge at 2.00 Hz will be simulated. According to [46] [47] [48] [49] , a vertical force can be simulated considering of three different frequencies.
The comparisons of the structural response under 2.00 Hz walking, running and jumping excitations are shown in Figure 6 . Note that the unit of acceleration "gal" means "1 cm/s 2 ".
respectively. It can be seen that the vibration control effect of the TMD designed based on the AFSA method is slightly better than that of the TMD designed based on the remaining two methods.
To further verify the vibration control effect of the optimized TMD designed based on the AFSA, in this section, considering that the frequency of pedestrians is usually around 2.00 Hz, a situation in which a 700 N person walks, runs and jumps on the middle of the bridge at 2.00 Hz will be simulated. According to [47] [48] [49] [50] , a vertical force can be simulated considering of three different frequencies.
The comparisons of the structural response under 2.00 Hz walking, running and jumping excitations are shown in Figure 6 . Note that the unit of acceleration "gal" means "1 cm/s 2 ". It is presented in Figure 6 that the peak accelerations of structure under walking, running and jumping excitations are 6.24 gal, 25.17 gal and 26.90 gal, respectively, in the situation without TMD, while the peak accelerations are 3.54 gal, 15.48 gal and 14.39 gal, respectively, in the situation with TMD, and the corresponding peak acceleration reductions of TMD are 43.27%, 38.50% and 46.51%, respectively. Consequently, the vibration control effect of an optimized TMD system based on AFSA is quite obvious. Therefore, under the same design guideline, the maximum permissible pedestrian number is larger in the situation with TMD.
Conclusions
TMD is widely applied in the pedestrian-induced vibration control of pedestrian bridges and its parameters are very important. A new TMD optimization method based on the artificial fish swarm algorithm (AFSA) is proposed in this paper, which takes primary structural damping into consideration. The optimization goal is to minimize the maximum dynamic amplification factor of the primary structure under external harmonic excitation, and the resultant optimized TMD has a smaller maximum dynamic amplification factor and better robustness. The optimum TMD parameters table for a damped primary structure with different damping ratios and different TMD It is presented in Figure 6 that the peak accelerations of structure under walking, running and jumping excitations are 6.24 gal, 25.17 gal and 26.90 gal, respectively, in the situation without TMD, while the peak accelerations are 3.54 gal, 15.48 gal and 14.39 gal, respectively, in the situation with TMD, and the corresponding peak acceleration reductions of TMD are 43.27%, 38.50% and 46.51%, respectively. Consequently, the vibration control effect of an optimized TMD system based on AFSA is quite obvious. Therefore, under the same design guideline, the maximum permissible pedestrian number is larger in the situation with TMD.
TMD is widely applied in the pedestrian-induced vibration control of pedestrian bridges and its parameters are very important. A new TMD optimization method based on the artificial fish swarm algorithm (AFSA) is proposed in this paper, which takes primary structural damping into consideration. The optimization goal is to minimize the maximum dynamic amplification factor of the primary structure under external harmonic excitation, and the resultant optimized TMD has a smaller maximum dynamic amplification factor and better robustness. The optimum TMD parameters table for a damped primary structure with different damping ratios and different TMD mass ratios was presented. At last, as a case study, the application of an optimized TMD based on AFSA for a pedestrian bridge was proposed. The following conclusions can be drawn:
(1) The fitting formulas of the optimum TMD frequency ratio and the optimum TMD damping ratio agree well with Table 1 . Optimum TMD parameters can be obtained from Table 1 or calculated from Formulas (3) and (4) . Consequently, the design procedure is very simple. (2) The novel optimization method proposed in this paper has a smaller maximum acceleration dynamic amplification factor than the classic Den Hartog method and the Ioi and Ikeda method.
(3) The optimized TMD has a good effect in controlling human-induced vibrations at different frequencies for a pedestrian bridge, indicating its good robustness.
